Abstract
an OFF-switch to inhibit production of the transcription factor TfoY (16, 17). As cells receive promoting a switch from a sessile biofilm lifestyle to a motile one (reviewed in (11)).
82
While VpsR and VpsT were initially discovered as regulators of biofilm production, other 
90
These studies demonstrate c-di-GMP regulation extends beyond biofilm formation and motility
91
in V. cholerae.
92
In this study, we uncovered an additional role for c-di-GMP: positively regulating pBBRlux digested with BamHI and SpeI (NEB). Expression vectors for VpsT and VpsR were 106 constructed by removing the ribosome binding site (RBS), green fluorescent protein, and 107 chloramphenicol acetyltransferase from pEVS143 with BamHI and EcoRI digests (NEB) (23).
108
The VpsT purification vector was constructed elsewhere (21). Expression vectors for katB and 109 katG were constructed as follows: pHERD20T was amplified with primers flanking the ampicillin 110 resistance gene using inverse PCR resulting in a linear PCR fragment lacking the ampicillin 111 resistance gene (24). The chloramphenicol resistance gene from pBBRlux was amplified by
112
PCR and the two linear fragments were circularized by Gibson Assembly. Plasmids were 113 introduced into V. cholerae through biparental conjugation using Escherichia coli S17 as the 114 donor strain. V. cholerae harboring the plasmid of interest was selected for using Polymixin B
115
(10 U/mL) with the relevant antibiotic. Antibiotics and reagents were used at the following 116 concentrations unless otherwise stated: Ampicillin (100 µg/mL), Kanamycin (100 µg/mL), 117 chloramphenicol (10 µg/mL), and 100 µM isopropyl -D-1-thiogalactopyranoside (IPTG).
118
Cultures were grown in Lysogeny Broth (LB, Acumedia) at 35C, 220 RPM unless otherwise 
135
and samples using the software ImageJ and an internal 1-inch reference mark for each picture.
136
GraphPad Prism was used to generate the standard curve and interpolate the sample catalase 137 activity using linear regression. Data presented is catalase activity (Units) normalized to cell 138 number (OD600).
140

RNA Isolation and quantitative real-time PCR (qPCR).
141
Three biological replicate overnight cultures were diluted to a starting OD600 of .04 in 2 mL LB 
234
H2O2 is found in high concentrations in marine environments (reviewed in (28)) . To test the 235 effects of c-di-GMP on H2O2 tolerance in V. cholerae, we expressed the Vibrio harveyi DGC
236
QrgB in a strain unable to form mature biofilms (∆vpsL, designated as the parent strain for this 237 text). We used this strain because expressing QrgB in WT V. cholerae induces biofilm 238 production, which would introduce a confounding variable in our experiments (23). As a control,
239
we expressed an inactive allele of QrgB (QrgB Mut ) which is unable to synthesize c-di-GMP.
240
Immediately after the addition of H2O2, both cultures began to produce gas bubbles, which is a 241 phenomenon indicative of catalase activity as H2O2 is degraded into water and gaseous oxygen.
242
Interestingly, the culture with higher intracellular c-di-GMP exhibited a higher amount of gas 
272
Strains lacking both katG and katB did not have measurable catalase activity under these 273 conditions, which is expected because these are the only annotated genes encoding catalase 274 activity in the El Tor V. cholerae reference genome N16961 (7) (Figure 1 ).
276
Characterization of the katB Promoter and regulation of katB expression
277
Our results suggest katB, but not katG, is positively regulated by c-di-GMP at the 278 transcriptional level. We addressed this hypothesis by measuring katB mRNA from cultures inducing QrgB and QrgB Mut using qRT-PCR. We found that katB expression increased hypothesized specific regions in the katB promoter were necessary for c-di-GMP mediated 283 transcriptional control. We tested this hypothesis by measuring luciferase activity from a series 
311
GMP mediated regulation of katB was necessary for H2O2 induction of katB, we measured the 312 ability of H2O2 to induce katB4, the promoter region that no longer responded to c-di-GMP
313
( Figure 3B ). We found that 50 µM H2O2 induced katB4 expression approximately 6-fold in the 314 parent background ( Figure 4B ). Next, to determine if VpsT and VpsR contributed to the H2O2 315 inducible response of the katB4 promoter, we repeated the assay in a ∆vpsT∆vpsR background.
316
In this background, H2O2 increased katB4 expression to the same extent as the parent, however 317 the basal and induced expression level was 1.5-fold lower compared to the parent ( Figure 4B ).
318
In Mycobacterium smegmatis, H2O2 can act as a first messenger to promote c-di-GMP 
341
As a transcription factor, VpsT binds to DNA in the presence of c-di-GMP to modulate 342 gene expression (13, 20, 21, 32). Since VpsT was necessary for c-di-GMP mediated katB 343 expression and was able to induce katB expression when expressed in a heterologous host, we
344
hypothesized VpsT directly interacted with its promoter in a c-di-GMP-dependent manner.
345
Thus, we purified C-terminal HIS-tagged VpsT and measured its ability to bind to the katB2 
372
As vpsT and vpsR were necessary for c-di-GMP dependent induction of katB expression 
380
Discussion
381
In this work, we sought to determine if c-di-GMP provides resistance to ROS in V.
Measuring katB transcription in a heterologous host revealed that VpsT was sufficient to induce 388 katB expression under high c-di-GMP conditions, and in vitro DNA binding assays demonstrated
389
VpsT specifically bound to the katB promoter in a c-di-GMP dependent fashion. Lastly, we
390
showed that c-di-GMP mediated survival after H2O2 treatment was dependent on vpsT, vpsR,
391
and katB.
392
In agreement with our findings, other groups have observed an increase in katB 
400
Ogawa while the strain used in the current study (C6076 str2) is part of the serogroup Inaba.
401
While there are no studies describing differences in transcriptional regulation between the two 402 serogroups, we hypothesize there may be serogroup dependent differences in c-di-GMP 403 signaling, which would explain the contrasting results.
404
Unlike the ∆vpsT∆vpsR double mutant, c-di-GMP was able to induce the express of the 405 katB reporter in the single vpsT and vpsR deletion background, albeit the difference was not 406 statistically significant. However, only production of VpsT and c-di-GMP, but not VpsR and c-di-
407
GMP, increased expression of the katB promoter in E. coli (Figure 4 ). C-di-GMP mediated
408
catalase activity and survival in H2O2 were also lost in both the ∆vpsT and ∆vpsR backgrounds. 
419
Although our work focuses on V. cholerae, the association between c-di-GMP and 420 protection against ROS has been shown in other bacteria. In Listeria monocytogenes, deletion
421
of genes encoding PDE domains have elevated biofilm production and H2O2 tolerance (9).
422
However, it is not known whether H2O2 tolerance was caused by increased EPS production, VpsT, in turn, is activated by c-di-GMP and both VpsR and VpsT activate genes in the vps operons to promote biofilm formation. Our data indicates c-di-GMP activated VpsT also induces expression of katB which increases catalase activity of the population which is able to turn over H 2 O 2 and promote survival after H 2 O 2 treatment. Our data also demonstrates induction of katB by H 2 O 2 occurs independently of the c-di-GMP signaling network and is likely controlled by OxyR, a transcription factor involved in a broader antioxidant production program.
